A mechanistic study is presented of the oxidative dehydrogenation of the iron (III) 
Introduction
The transition metal-promoted oxidative dehydrogenation of organic substrates, e.g., amines and alcohols, has been studied extensively in chemical and biological systems both in the absence (anoxic conditions) and presence (oxic conditions) of dioxygen. 1 The ability to selectively transform organic and biological substrates by removing electrons, and/or adding oxygen atoms, is pervasive in biology 2 and critical to industrial applications. 3 High-resolution X-ray structures have been reported for numerous enzymes, yet their mechanism of action including the activation of molecular oxygen has still not been fully understood in many cases. Thus, further experimental and computational investigations will be needed. 4 Notably, synthetic metal complexes can perform these types of oxidative dehydrogenation reactions. 5a For example, during the reaction of Fe III with a macrocyclic ligand in methanol, under oxic conditions, a 1,3-diazacyclopentane ring moiety was formed. Obviously, methanol had been oxidized to formaldehyde, which then reacted with an uncoordinated ethylenediamine motif of the macrocyclic ligand. 5b A similar oxidation reaction was reported for the tris(2-pyridylmethyl) Other examples of the oxidative dehydrogenation of amines in the presence of gold, 9 or Ru 2 (OAc) 4 Cl, 10 were reported most recently, with O 2 as a fundamental reagent to promote the conversion of an amine to its corresponding imine. In the case of gold nanoparticles, spectroscopic evidence was presented for the formation of a charge-transfer complex in odd-sized Au n O 2 (n = 7, 9, 11, 21) systems, resulting in the formation of a superoxo (O 2
•−
) species bound to a formally cationic gold cluster.
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Mechanistic investigations of the oxidation of ethanol and glycerol to acids over supported gold and platinum catalysts, with 18 O 2 and H 2 18 O, demonstrated that oxygen atoms originated from hydroxide ions instead of O 2 and were incorporated into the alcohol during the oxidation reaction. DFT calculations suggested that the reaction path involves both solutionmediated and metal-catalyzed elementary steps. Molecular oxygen was proposed to participate in the catalytic cycle not by dissociation to atomic oxygen but by regenerating hydroxide ions formed via the catalytic decomposition of a peroxide intermediate. 12 Clearly, the activation of O 2 at metal sites has been, and still is, a process of central interest both in chemistry and biology, especially with regard to the nature of the individual electron-and proton-transfer steps. 13 Electron transfer from metal centers, or from organic functional groups, can proceed via an inner-or an outer-sphere mechanism. Proton transfer can occur after the transfer of electrons, or concomitantly in a concerted proton-electron transfer or hydrogenatom transfer reaction. 14 with ligand-based Fe(II)-radical intermediates. The experimental rate law can be described by a third order rate equation; the transfer of the first electron to O 2 yielding O 2
•− represents the rate determining step.
Experimental section

Materials
All chemicals were commercially available and used without further purification unless indicated. Both 5-and 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA) were purchased from Invitrogen; ethanol was carefully dried by distillation over magnesium, and kept under N 2 , applying standard Schlenk techniques. Molecular oxygen (grade 5.0, Praxair) was used throughout. Hydrogen peroxide (30% in water) and potassium superoxide were from Aldrich, and Spin traps 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) from Alexys Chemicals. Cu,Zn superoxide dismutase (SOD, bovine liver, Sigma-Aldrich, 70% Biuret) and heme catalase (CAT, Neurospora crassa) were a generous gift of Dr W. Hansberg Torres, Instituto de Fisiología, UNAM.
Syntheses. Ligand structures are depicted in Scheme 1; synthesis and characterization of 1- imine function at δ = 9.6 and 169.8 ppm, (ii) the hemi-aminal function (asymmetric carbon) at δ = 5.4 and 98.6 ppm. This carbon atom has an asymmetric center, thus, the neighbouring methylene groups become diastereotopic, giving resonances at δ = 3.96 and 4.09 ppm ( 1 H) and one for carbon at δ = 69.2 ppm ( 13 C).
Instrumentation and methods
Fourier transform infrared spectra (4000-200 cm −1 , KBr) were obtained on a Perkin-Elmer 599-B instrument; electronic absorption spectra (190-820 nm) were recorded on an Agilent 8453 diode array spectrophotometer. Luminescent experiments were carried out with a Perkin Elmer LS 50 Fluorescence Spectrometer. 1 H and 13 C NMR spectra were measured in acetone-d 6 on a Varian NMR Unity Plus-400 and 300 NMR Unity-Inova spectrometer, with TMS as an internal standard. EPR spectra were recorded under non-saturating conditions of microwave power on a Bruker Elexys E500 instrument at ≈9.40 GHz (X-band) and 100 kHz modulation frequency; spectra were evaluated with the Bruker software. The temperature was maintained with an Oxford liquid helium flow cryostat Scheme 1 Ligands.
(10-20 K), or with a nitrogen flow system (110-300 K). The crystal structure of complex 2 was obtained with an Oxford Diffraction Gemini "A" instrument equipped with a CCD area detector (λ MoKα = 0.71073 Å) and a sealed tube X-ray source at 100 K. Elemental analyses of C, H, N were carried out with a Fisons Instrument EA 1108. Determination of pH* in ethanol. An Orion 720A pH meter, equipped with a combined glass electrode, was used to determine the pH* in ethanol at different temperatures; the reference electrode was Ag-AgCl in saturated LiCl-ethanol. 23 The system was calibrated against two standards 24 Preparation of buffers in ethanol. Buffers were prepared as described, 6a by dissolving 2,4,6-trimethylpyridine in ethanol and addition of the appropriate amount of HCl until the desired pH* had been reached (determination of its pK a in ethanol gave the value: 9.48 ± 0.05). The buffer capacity, pH* = pK a ± 1, was determined by titrating a 0. −pH*) , the ionic product of EtOH was obtained from the literature, 25 and the ionic strength μ was maintained at 0.01 M with NaCl.
Concentration of molecular oxygen. Initial concentrations of dioxygen, [O 2 ] 0 , in ethanol were determined with an YSI 5100 oximeter equipped with a gold cathode and a silver anode, set at a constant potential: −0.80 V/Ag-AgCl.
Electrochemical measurements. Data were obtained on an EG&G PAR Potentiostat-Galvanostat model 273-A, equipped with a three-electrode system, in ethanol containing 0.10 M LiCl as the supporting electrolyte; measurements were carried out using a double platinum electrode and a Ag 0 -AgCl as the reference electrode. Potentials are reported vs. the ferroceneferrocenium redox couple, Fc +/0 : ΔE = 0.72 V. Kinetic measurements. The reactions in ethanol, at constant pH*, were followed spectrophotometrically in a thermostatted 3.0 cm 3 cell, at 60 ± 0.1°C; the ionic strength µ was kept constant at 0.01 M by adding the appropriate amount of NaCl. Spectra were recorded over the range 190-820 nm, and the rate constants were determined from the change in absorbance with time. Plots of ln|A t − A ∞ | vs. time were linear; A t and A ∞ represent the absorbance at time t and at the end of the reaction, respectively; A ∞ was determined after 10 half-lives. complex, 1, was formed in a rapid reaction, by mixing solutions of L 2 and Fe(DMSO) 6 (NO 3 ) 3 in ethanol. The reaction was followed at 344 nm over the pH* range 8.57-9.89, at 60 ± 0.1°C, under different initial concentrations of O 2 . The following oxidative dehydrogenation reaction started once 1 was formed. It was followed at 398 nm and led to the formation of the Fe(II)-monoimine complex 2, under these experimental conditions. The second-order rate constants were calculated taking into account the K EtOH at this temperature. 25 
Enzymatic assays
The presence of potential oxygen intermediates formed during the dehydrogenation reaction was investigated by using either SOD or CAT in independent experiments. Catalase. The activity of CAT was determined at 27°C in water-ethanol ( 
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Superoxide dismutase. The activity of SOD was determined at 27°C in the water-ethanol mixture according to Fridovich. 27 Lyophilized SOD was dissolved in 0. 10 as one final reaction product (Fig. 1) . This complex was formed by disproportionation of the starting iron(III) complex
via a three-step reaction mechanism, with ligand-centered radical intermediates. The rate law could be described by a second-order rate equation. General base catalysis and a primary kinetic isotope effect k EtOH /k EtOD of 1.73 were detected, and deprotonation of the coordinated amine became the rate determining step in the oxidative dehydrogenation reaction. 6a We now investigated the reaction of complex 1 in the presence of molecular oxygen. Overall, the formation of [
from L 2 and Fe(DMSO) 6 (NO 3 ) 3 in ethanol is fast compared to the dehydrogenation reaction and does not depend on pH* (range 8.57-9.89) nor on the concentration of O 2 . Once the iron(III)-polyamine complex 1 has been formed, the actual oxidative dehydrogenation starts producing the purple iron(II)-monoimine complex 2. The product is diamagnetic and has a well-resolved 1 H-NMR spectrum showing a chemical shift δ = 9.60 for the acidic proton of the imine moiety. In order to corroborate the structure of complex 2 produced under oxic conditions, crystals obtained in acetone were analyzed by X-ray diffraction. All angles and bond lengths were practically identical to those reported earlier for the structures of 2 r 6b and 2 Oh.
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Electrochemical studies
The participation of O 2 in the dehydrogenation reaction of complex 1 was documented by measuring its consumption with the oximeter (Fig. 2) , and by cyclic voltammetry (Fig. 3) (Fig. 3c) .
Furthermore, it became evident that (i) the reaction progressed faster under oxic conditions, and that (ii) only one product was formed, and not two as observed under N 2 .
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Stoichiometry and kinetics of the oxidative dehydrogenation of complex 1 in the presence of O 2
Two mechanistically different pathways have been observed under anoxic (N 2 ) and oxic (O 2 ) conditions. Under N 2 , two consecutive one-electron oxidation steps coupled to proton removal from the amine ligand occurred, with ligand-centered radicals as intermediates in a disproportionation reaction (eqn (1)). Under oxic conditions, the participation of O 2 and reduced oxygen species as effective oxidants became crucial for electron transfer. The redox-states of the iron complexes formed in solution were unequivocally assigned by cyclic voltammetry, showing an intramolecular redox process between Fe III and the coordinated amine ligand plus electron transfer to O 2 , with the following overall stoichiometry (eqn (2)).
The dehydrogenation of the coordinated amine ligand L 3 leads to monoimine ligand L 4 . The insertion of the CvN double bond requires the release of two electron equivalents per amine ligand, which are used to reduce 4Fe(III) to 4Fe(II) and one molecule O 2 to two molecules H 2 O. At acidic pH*, the oxidative dehydrogenation of complex 1 does not occur, whereas at neutral or basic pH*, formation of the iron(II)-monoimine complex 2 and O 2 •− is favored as outlined in Scheme 2. The dehydrogenation reaction was followed by UV/vis spectroscopy over the time range of approximately 7 h, in a tightly sealed optical cell, at a defined initial [O 2 ] 0 , pH* range 8.57-9.89, 60 ± 0.1°C (Fig. 4A) (Fig. 3b, 4A ). The reaction does not proceed further once the iron(II)-monoimine complex 2 has been formed. The CvN double bond conjugated to the pyridine ring stabilizes the Fe II oxidation state because of its π-acceptor capability, which is consistent with the high redox potential reported above. Note that the yield of the iron(II)-monoimine complex 2 is 69% when prepared under oxic conditions, compared to 33% when prepared under anoxic conditions, showing that two different reaction mechanisms must be operative. The difference in yield reflects the different stoichiometries of the reaction when performed under N 2 or O 2 (eqn (1) and (2) 
Rate law and oxidative dehydrogenation reaction mechanism
The rate of the oxidative dehydrogenation of iron(III) complex 1 in the presence of O 2 , showed a linear dependence of k obs on pH* (Fig. 4B, Table 3 ). When the reaction was carried out at different concentrations of the base 2,4,6-trimethylpyridine, the reaction rate was not affected (data not shown), in contrast to the reaction performed under N 2 . (Fig. 5, Table 4 ), giving the second order rate constant, k O 2 = 9.14 ± 0.06 × 10 −2 M −1 s −1 . Interestingly, the dehydrogenation of amine complex 1 to monoimine complex 2 was almost one order of magnitude faster under O 2 , with k EtO − = 3.02 ± 0.09 × 10 5 M −1 s −1 (O 2 ) compared to k EtO − = 4.92 ± 0.01
, confirming the active role of O 2 in the reaction with the Fe(III) complex 1 (Fig. 6) .
From the kinetic data, the following experimental thirdorder rate law is obtained (eqn (3)).
Based on these results, we propose the following mechanism: 3+ is converted to the iron(II)-monoimine complex 2 as the final product (eqn (10)). Attempts to trap the O 2 •− anion, or one of the ligand-based radical complexes with DMPO or BMPO remained unsuccessful under the experimental conditions. The types of radicals described here are highly reactive. 6a However, the electron deficiency on the ligand-based radical can be stabilized either by electron-donating groups or by coordination to a transition metal ion, 29 as
shown for an aminyl radical-rhodium(I) complex. 30 Recently, single-electron transfer from a redox-active ligand to a bound substrate mediated by redox-inactive Pd(II) was reported, and a ligand-based radical complex could be identified by EPR spectroscopy under anoxic conditions. 31 Applying the steady-state approximation to the first radical intermediate, the treatment leads to the following rate law (eqn (11)):
In the limit k −1 ≫ k 2 [O 2 ], expression (11) reduces to the third order rate law (eqn (12)), with the experimental third order constant, k OD , related to the individual rate constants as outlined in eqn (13).
Overall, the proposed reaction mechanism (eqn (4)- (10)) is consistent with the experimental rate law (eqn (3)). Under the experimental conditions, the reduction of O 2 to O 2
•− (eqn (5) Further evidence for the active role of O 2 and formation of reduced oxygen species during the dehydrogenation reaction came from experiments with heme catalase (CAT). When fixed amounts of CAT were added to aliquots of the reaction mixture at different times, a distinct increase of dissolved O 2 could be detected, documenting the formation of hydrogen peroxide and its decomposition to O 2 and water (Fig. 2, insert (Fig. 7 , Table 5 ). The oxidative dehydrogenation was slow compared to the reaction with molecular oxygen. Most likely, water (≈3-30 mM in the kinetic assay) interferes with the principal reaction. 7a The experimental finding that peroxide is formed during the dehydrogenation of iron(III) complex 1, suggests that the reaction proceeds via an outer sphere electron transfer mechanism. The second order rate constant, k O 2 = 9.14 ± 0.06 × 10 
Conclusions
In a simplified scheme for O 2 activation by transition metals, we generally assume a metal site, e.g., a mononuclear iron center in the reduced iron(II) oxidation state which binds to the O 2 molecule and reduces it to the superoxide adduct. The metal site can also be coordinated to "non-innocent" ligands capable of providing reducing equivalents. The Fe III -superoxide adduct will be reduced further to the peroxide level, with concomitant delivery of a proton. Cleavage of the O-O bond will then occur to yield iron-oxo (or -oxyl species), again with possible involvement of additional protons. At each stage of the process, electrons flow to the coordinated O 2 moiety, either from the ligand unit or from an external source. 37 In the system described here, we start with the iron (III) Additional experimental data are needed to extend and/or modify the proposed reaction mechanism to obtain better insight into the various factors that govern it. In view of the importance of the interaction of Fe(III) and O 2 in chemistry, biology and the environment, the results presented here will be of great value.
